The structure and composition of the surface layer of the rubbers determine many service characteristics of mechanical rubber goods (MRGs): their friction properties, wear, and service life. One of the ways to reduce the wear of rubbers is to lower their friction coefficient K fr [1] . In most cases this is achieved by introducing modifiers at the stage of rubber manufacture (volume modification) or by treating the surface of the end-products (surface modification) [2] [3] [4] [5] [6] [7] [8] [9] . Among the various methods used for surface modification of rubbers in order to give them antifriction properties, heterophase surface fluorination has been used successfully [10, 11] . To develop and refine a method for improving antifriction properties by the surface fluorination of rubbers, it is important to investigate the relationship between measured tribological parameters, such as the friction coefficient, the wear resistance, adhesion, etc., with the structure and composition of the surface layer. It is evident that modern rubber compounds comprise complex composites of rubber, filler, plasticiser, stabiliser, and other ingredients. However, as a result of detailed study of the effect of fluorine on the surface layers of rubber, it has been possible to demonstrate [12] that the main process in this case is the fluorination of the elastomer. Thus, the composition of the surface layer (the ratio of the number of carbon and fluorine atoms (C:F)) corresponds to the composition of the fully or partially fluorinated elastomer. Its thickness and structure depend on the fluorination time and have been examined in detail elsewhere [13] .
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The aim of the present work was to investigate the influence of the surface morphology of initial and fluorinated rubbers on their friction properties under conditions of dry sliding friction against steel, duraluminium, and bronze.
To establish the mechanisms and the differences in the change in the surface morphology of rubbers as a result of exposure to a fluorinating agent, an investigation was made of a series of rubber compounds based on different rubbers. The fluorination of rubber specimens in the form of sheets of 2 mm thickness was carried out by a procedure developed earlier [4] using elementary fluorine mixed with inert gas at a temperature of 20 °C for 3 h. The degree of fluorination (C A F ) was assessed by the gravimetric method from the ratio of the mass of fluorine that had reacted with the rubber to the surface area of the fluorinated specimen. The main ingredients, the grade, the degree of fluorination, and the manufacturers of the investigated rubbers are presented in Table 1 .
Surface morphology was studied using a Stereoscan-360 scanning electron microscope (Cambridge Instruments, Cambridge, UK). The surface of a polymer coated with a thin layer (5-10 nm) of gold was photographed at a magnification of 1000-10 000x. To establish the macroscopic surface inhomogeneity of the specimen, repeated photographing was conducted under identical conditions at different points of the film.
As shown above, the surface layer formed as a result of fluorination corresponds in composition (C:F ratio) to the composition of the fully or partially fluorinated elastomer. For the degrees of fluorination obtained in the experiment (see Table 1 ), the thickness of the fluorinated layer according to previous results [13] should amount to 1-4 µm. With such a thickness, the result of fluorination can be expected to show up in the surface layer morphology. Indeed, changes in surface structure as a result of the formation of the fluorinated layer were revealed at a magnification of 10 000x (Figure 1 ).
From the micrographs presented it can be seen that the main change in the surface morphology of the rubber as a result of its fluorination is the formation of folded wavy structures with a characteristic size of 300-800 nm. It can be assumed that these changes are determined by the different depths of fluorination in the amorphous and crystalline regions of the elastomer surface of different density, and also by the increase in the molar volume of the fluorinated surface layer, as postulated and demonstrated previously by the present authors for the case of the fluorination of the surface of polyethylene [15] . The formation of such a relief evidently becomes more likely as the elasticity of the rubber increases, as follows from micrographs of specimens of PS-26 and SKEPT ( Figures 1 and 2 ), the rebound resilience of which is 28-32% and 40-50% respectively [16] . At the same time, the nature and intensity of structural transformations are probably determined by such factors as the type and number of ingredients (primarily, fillers) in the elastomer composite, and also the vulcanisation method. This is borne out by the specimens of PS-26 and S-26, which have an identical rubber base but different fillers. The 
latter has a volume layered nature (Figure 3c) , which affects the surface morphology of the rubber after fluorination (Figure 3b) . For the specimen of SKN-40, besides waviness, cracks can appear on the surface, which may be due to the greater rigidity of the initial rubber (rebound resilience 15-20% [16] ), which prevents relaxation processes of the fluorinated layer ( Figure 2 ).
More complex morphological changes are observed for a rubber compound based on a blend of the two rubbers SKN-18 and polychloroprene. In this case the post-fluorination surface has a certain granularity, with a grain size of 500-1500 nm (Figure 3b) . It can be assumed that the grain boundaries correspond to the boundaries between regions with a different nature of the rubber as a result of the impossibility of their mixing to a fully homogeneous state. Furthermore, dark and light regions of greater size are observed (Figure 3c) , which probably correspond to regions with an inhomogeneous composition of the rubber compound.
The experimental data obtained indicate that the fluorination of the surface layers of rubber compounds based on hydrocarbon rubbers is accompanied to a greater or lesser degree with pronounced changes in surface morphology. The force motive of this process is evidently the transformation of the hydrocarbon structure of the elastomer into a polyfluorocarbon structure. A transformation of this kind leads to an increase in the molar volume of the rubber, to a change in the polymer chain structure in a way similar to the corresponding fluorine-containing elastomers, and consequently to the emergence of internal stresses in the modified surface layer. The relaxation of these stresses seems to show up in the observed change in surface relief.
It is natural to assume that, the closer the structure of the initial rubber to its post-fluorination structure, the smaller are the changes in surface morphology that should occur after fluorination of the rubber. In fact, study of the surface morphology of rubber compounds FER-70 and D-928 based on fluorine-containing rubbers before and after fluorination showed the following. When the indicated specimens are exposed to a fluorine-helium mixture, appreciable fluorination of the surface layers by the residual C-H bonds occurs (the degree of fluorination is 0.4 and 1.1 x 10 −3 kg/m 2 respectively), and at the same time there are no changes in surface morphology of the specimens (according to the given micrographs with a magnification of up to 10 000x).
As is well known, the force of friction of two contacting surfaces in the general case is determined by deformation and adhesion components [17] . To assess the effect of surface fluorination on the friction properties of rubber compounds, tests were conducted using a scheme of displacement of flat rubber specimens in relation to a horizontal metal surface under an insignificant normal load. It was assumed that under these conditions the main role in the determined sliding friction coefficient would be played by the adhesion component. Tests were conducted on a standard Delta Macplast friction machine under a normal load of 2 N and a rate of movement of the rubber specimens of 200 mm/min (contact area 9 x 10 -4 m 2 ) in relation to stainless steel, duraluminium, or bronze sheets of class 9 surface purity and also a tool steel sheet of class 14 surface purity (a Johanson sheet), which were selected in order to minimise the contribution of the deformation component to the total value of K fr ( Table 2 ). The adopted magnitude of K fr was the mean value of this quantity on the steady-state section of friction. In individual cases, the spread of K fr values was large, which was dictated, it seems, by the state of the friction surfaces, their nature, and other factors that are difficult to take into account. On the whole, the spread of K fr values did not exceed 10-15%.
The typical dependence of K fr on time, obtained on a friction machine, can be illustrated by an example for a specimen of rubber S-26 (Figure 4) . From the obtained data it can be seen that surface fluorination of rubber compounds leads to a considerable reduction in the friction coefficient of the rubber against metal surfaces. The small differences in the obtained values of K fr for steel surfaces of class 9 and 14 surface purity should be noted. This seems to be due to the small magnitudes of the normal load on the abradant and consequently to the small contribution of the deformation component to the force of friction. Furthermore, experiments showed that, other conditions being equal, the reduction in K fr depends little on the surface purity of the metal in the investigated surface roughness range. Thus, the observed reduction in the friction coefficient must evidently be put down to the considerable reduction in adhesion interaction in the rubber-metal pair. The reduction in K fr is most considerable (up to 20-fold) for rubber compounds based on carbonchain rubbers of the nitrile butadiene and ethylenepropylene type, which is due to the transformation of the hydrocarbon macromolecules of the rubber into polyfluorocarbon molecules, and also to the fluorination of other components of the rubber, which can affect its adhesion to metals. For rubber compounds based on polyfluorine-containing rubbers, the reduction in K fr is slightly lower and fluctuates from 2.5-fold to fivefold, but for some specimens (Nos 9, 10, and 12) ( Table 2 ) a more considerable (up to tenfold) reduction in K fr is observed. It is evident that in this case, too, reduction in adhesion interaction of the rubber compound with metal is due to the subsequent fluorination of its surface layer, with the chemical structure of the rubber approaching a perfluoropolymer composition, and also to the fluorination of other ingredients of the rubber (plasticisers, fillers, etc.). To determine the effect of surface fluorination on the adhesion of rubber to metal, depending on the nature of the latter, values of K fr were obtained against steel, duraluminium, and bronze sheet. Mainly, the obtained friction coefficient values are slightly higher (especially for control specimens) in the case of friction of the rubber compound against bronze, and roughly equal in the case of friction against steel and duraluminium. Fluorination leads in all cases to a reduction in K fr and to a certain equalisation of its values for different surfaces.
Thus, the investigations conducted have shown that the fluorination of rubber compounds can be accompanied with considerable changes in surface morphology. These changes are determined by the nature of the elastomer and are most intense for rubber compounds based on nitrile butadiene and ethylene-propylene rubbers or blends based on them. Surface fluorination in all cases leads to a reduction in the sliding friction coefficient on account of reduction in adhesion interaction in the rubber-metal pair, which varies according to the type of rubber compound from 2.5-fold to 20-fold.
